Connexins are the structural subunits of gap junctions and act as protein platforms for signaling complexes. Little is known about tissue-specific connexin signaling nexuses, given significant challenges associated with affinitypurifying endogenous channel complexes to the level required for interaction analyses. Here, we used multiple subcellular fractionation techniques to isolate connexin32-enriched membrane microdomains from murine liver. We show, for the first time, that connexin32 localizes to both the plasma membrane and inner mitochondrial membrane of hepatocytes. Using a combination of immunoprecipitation-high throughput mass spectrometry, reciprocal co-IP, and subcellular fractionation methodologies, we report a novel interactome validated using null mutant controls. Eighteen connexin32 interacting proteins were identified. The majority represent resident mitochondrial proteins, a minority represent plasma membrane, endoplasmic reticulum, or cytoplasmic partners. In particular, connexin32 interacts with connexin26 and the mitochondrial protein, sideroflexin-1, at the plasma membrane. Connexin32 interaction enhances connexin26 stability. Converging bioinformatic, biochemical, and confocal analyses support a role for connexin32 in transiently tethering mitochondria to connexin32-enriched plasma membrane microdomains through interaction with proteins in the outer mitochondrial membrane, including sideroflexin-1. Complex formation increases the pool of sideroflexin-1 that is present at the plasma membrane. Together, these data identify a novel plasma membrane/mitochondrial signaling nexus in the connexin32 interactome. fallen short of the level of sensitivity required to explore these mitochondrial interactomes, given difficulties associated with purifying sufficient amounts of membrane-integrated connexin protein.
■ INTRODUCTION
The formation of gap junction channels between two adjacent cells allows for direct cell−cell communication. 1 Functional diversity is dictated by their structural subunits, a family of 21 connexin proteins in humans. 2 Oligomerization of six connexins forms an aqueous pore when inserted into target membranes. 3 Each pore, known as a connexon or hemichannel, makes up one-half of a gap junction channel. In nonjunctional plasma membranes, connexons allow for regulated passage of ions and small molecules up to 1.8 kDa to and from the extracellular space. 3, 4 In junctional plasma membranes, end-toend docking of two apposing hemichannels enables gap junction intercellular communication (GJIC). Between adjacent membranes of the same cell, connexon alignments create reflexive junctions acting as conduits between membrane compartments (e.g., allowing for molecular traffic from perinuclear to adaxonal cytoplasm between processes of axonensheathing oligodendrocytes). 5 Signaling specificity is achieved by "mixing and matching" connexin subunits. Assemblies of identical (homotypic channels) or diverse pairings (heteromeric channels) define membrane channels with different permeabilities, gating properties, and docking compatibilities. 6 Only recently have connexin-specific interacting partners been considered part of the gap junction protein signaling nexus. Connexin43 (Cx43), the most abundant and ubiquitously expressed connexin, has received the most attention with approximately 25 intracellular interactors identified (reviewed in refs 7,8) . Transient extracellular Cx43−Cx43 (and Cx26−Cx26) interactions along extracellular docking domains also act as adhesive contacts, directing the migration of neural progenitor cells along radial glia. 9, 10 Finally, connexin complexes can also form functional protein complexes in intracellular organelles. Using selected MS/MS ion monitoring validated by immunofluorescence, Cx43 has been identified in the inner mitochondrial membrane of cardiac myocytes. 11 Using classic biochemical methods, Cx32 has also been reported in hepatic mitochondria, but without further suborganelle localization. 11 MS methodologies, however, have Cx32 null mutant breeding pairs, kindly provided by Dr. Klaus Willecke (Universitat Bonn, Germany), 19 were backcrossed for 15 generations onto a C57Bl/6 background in the Bennett laboratory. Congenic WT mice were derived from heterozygote matings. Male mice used in this study were between 3 and 4 months of age. Genotyping was confirmed at time of weaning and again at time of sacrifice. PCR amplification was performed on a Whatman Biometra TGradient96 system. DNA, isolated from tail snips, was amplified using Primers A, B, and C (A: 5′-TCATTCTGCTTGTATTCAGGTGAGAGGCGG-3′, B: 5′-ATACACCTTGCTCAGTGGCGTGAATCGGCA-3′, C: 5′-TCTTACTCCACACAGGCATAGAGTGTCTGC-3′). Primer A (forward) and B (reverse) generate a 750 bp WT amplicon. Primer A (forward) and C (reverse) generate a 1300 bp KO amplicon. Primers were synthesized at Integrated DNA Technologies Inc. Cycling parameters were: 95°C for 10 min, followed by 30 cycles of 95°C for 60 s, 67°C for 60 s, and 72°C for 60 s. For all studies, liver was dissected and gall bladders removed from both WT and KO mice. For fractionation studies, tissue was processed fresh. For validation IP and Western analysis, tissue was frozen in liquid nitrogen and stored at −80°C until required.
For measurements of ferritin, transferrin, iron, and total iron binding capacity, blood was collected by cardiac puncture from WT and KO mice (7 animals per genotype) between 1 and 8 months of age. Samples were clotted at RT for 1 h and centrifuged for 10 min at 1500× g. Recovered serum supernatant was sent on ice to the Charles River Research Animal Diagnostic Services Laboratory (Wilmington, MA). Transferrin saturation was calculated as the percentage of iron to total iron binding capacity.
Sucrose Gradient Fractionation
For each experiment, one liver lobe was homogenized in 1 mL PTN buffer (50 mM sodium phosphate, 1% Triton X-100 [T-8787, Sigma-Aldrich], 50 mM NaCl, pH 7.4, fresh protease inhibitor cocktail ( Homogenates were incubated on ice for 30 min and centrifuged at 12000 rpm for 3 min at 4°C to remove nuclei. The Triton X-100 supernatant (containing the insoluble membrane fraction) was reserved on ice and diluted with an equal volume of 80% sucrose. Resulting homogenates (40% sucrose) were overlaid with equal volumes of 30% and 5% sucrose in Beckman polyallomer centrifuge tubes, (14 × 89 mm, #331372) and centrifuged at 32085 rpm (130000× g ave ) in an SW40 Ti swinging-bucket rotor overnight (18 h) at 4°C. Gradients were carefully aliquoted (10 fractions of 500 μL) with fraction 1 being the uppermost, lightest fraction. Protein quantification was performed using the Bio-Rad DC protein assay kit (Bio-Rad, #500−0112).
Optiprep (OP) Purification of Liver Plasma Membrane and Mitochondria
Four livers per genotype (WT and KO) were dissected in icecold PBS (10 mM phosphate, 154 mM NaCl). PBS was decanted following collection and tissue weighed prior to being minced with scissors until homogeneous. Tissue pieces were washed with three changes of ice-cold Solution B (0.25 M sucrose, 1 mM EDTA, 2 mM MgCl 2 , 20 mM HEPES-NaOH, pH 7.4). Five milliliters of solution B with fresh protease inhibitors (1 mM sodium fluoride [Sigma #S-1504], 50 μg/mL aprotinin [Sigma #A-6279], 1 mM sodium orthovanadate [Sigma #S-6508], 1 mg/mL PMSF) was added to the crude lysate at twice the volume per wet weight (g) of liver tissue (e.g., 5 mL buffer A per 2.5 g liver tissue). Lysates were homogenized using a tight-fitting dounce homogenizer and Teflon pestle (approximately 30 strokes). Lysates were transferred to 15 mL Falcon tubes and Solution B was added to fill the tubes prior to centrifugation at 3100 rpm (1561× g ave ) in a GH-3.8A rotor (Beckman-Coulter) at 4°C for 10 min. The supernatant was collected with a Pasteur pipet, transferred to 1.5 mL polyallomer centrifuge tubes (Beckman #357448, with adaptors #355919), and centrifuged at 48,537 rpm (100000× g ave ) in a TLA100.3 rotor for 50 min. The supernatant (containing cytosolic proteins) was discarded, and the pellets were combined and resuspended in in a 35% OP solution (Sigma #D15556). The 35% OP solution was prepared by diluting a 50% working solution of OP in Solution B (50% working solution of OP: 5 parts OP with 1 part diluent [0.25 M sucrose, 6 mM EDTA, 12 mM MgCl 2 , 120 mM HEPES-NaOH, pH 7.4]). Subsequent dilutions of OP were also prepared by diluting the 50% working solution with Solution B as above.
A discontinuous OP gradient was prepared on ice by slowly overlaying 2 mL of the resuspended pellets with 1 mL 30% OP, 2.5 mL each of 25% and 17.5% OP, and 2 mL each of 10%, and 2.5% OP solutions into 13.2 mL (14 × 89 mm) polyallomer centrifuge tubes. Solution B was added to a point one mm below the surface of the tube (∼1 mL). Tubes were carefully balanced and adjusted with Solution B, if necessary, before assembly into an SW41 Ti rotor (Beckman Coulter). Gradients were centrifuged at 36555 rpm (165000× g ave ) at 4°C for 3.5 h (acceleration = 1, deceleration = 0). The interfaces between the gradients were collected in 0.5 mL volumes by tube puncture. The collected interfaces were diluted with two volumes of Solution B and centrifuged in a TLA100.3 rotor for 50 min at 48500 rpm to collect the pellet. Pellets were resuspended in RIPA buffer (10 mM PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) with fresh protease inhibitors (1 mM sodium fluoride, 50 μg/mL aprotinin, 1 mM sodium orthovanadate, 1 mg/mL PMSF) and assayed for protein concentration using the Bio-Rad DC protein assay kit.
Crude Mitochondrial Isolation
One liver per genotype was placed in ice-cold PBS. Tissue was minced with scissors and washed in PBS. Two volumes of buffer A (20 mM HEPES, 220 mM mannitol, 68 mM sucrose, 80 mM KCl, 0.5 mM EGTA, 2 mM magnesium acetate, 1 mM DTT, pH 7.4, and fresh protease inhibitors (1 mM NaF, 50 μg/ mL aprotinin, 1 mM sodium orthovanadate, 1 mg/mL PMSF) were added and tissue homogenized in a dounce homogenizer with Teflon pestle until very smooth (about 30 strokes). The homogenate was centrifuged at 3000 rpm (738× g ave )in a JA25.50 rotor (50 mL tube) at 4°C for 20 min. The supernatant was collected with a Pasteur pipet and transferred to a new tube for centrifugation at 8000 rpm (5251× g ave ) at 4°C for 15 min. This supernatant was discarded and the pellet was washed with 30 mL of buffer A at 8000 rpm at 4°C for 15 min as before. The mitochondrial pellet was resuspended in 1 mL buffer A.
Subfractionation of Mitochondria Following Sucrose Fractionation
Crude mitochondria were subjected to sucrose gradient fractionation with the following modifications: Mitochondrial samples were mixed with 80% sucrose to achieve a final concentration of 60% sucrose (4 mL total), and were overlaid with 50%, 40%, and 30% sucrose layers (2 mL each), followed by 2 mL homogenization buffer (minus DTT), and centrifuged at 35000 rpm (151263× g ave ) for 16 h at 4°C. Twenty-four fractions of 500 μL each were collected. WT and KO fractions (WT, fractions 18−22; KO, fractions 17−21) were pooled and protein concentrations assayed using the Bio-Rad DC protein assay kit. Each set of pooled mitochondrial fractions were diluted 2:1 with cold buffer A. Mitochondria were pelleted by centrifugation at 8000 rpm for 15 min. Pellets were resuspended in cold buffer A and 0.6% digitonin (#D141, Sigma-Aldrich) and incubated on ice for 10 min to selectively permeabilize the outer mitochondrial membrane. Mitochondria were again collected by centrifugation at 10000× g for 10 min at 4°C. The supernatant containing outer membrane proteins was reserved. Mitoplasts were resuspended in 150 mM KCl with fresh protease inhibitors and incubated on ice for 10 min prior to centrifugation at 10000× g for 10 min at 4°C. The supernatant containing inner mitochondrial membrane proteins was reserved.
Endogenous Immunoaffinity Purification for HTMS
Anti-Cx32-coupled protein G agarose beads were prepared as follows: One mL of a protein G agarose bead slurry (1:1 PBS; Roche #20399) was incubated with 30 μg monoclonal anti-Cx32 antibody (CX32C13-M, Alpha Diagnostics) overnight at 4°C. Beads were washed with 10 mL of 0.1 M borate buffer (pH 9.0) and resuspended in 10 mL of the same buffer. Anti-Cx32 antibody was chemically coupled to the protein G beads by the addition of solid dimethyl pimelimidate DMP (Pierce # D8388) to a final concentration of 20 mM. Beads were incubated for 30 min at room temperature. The cross-linking reaction was stopped by washing twice with 0.2 M ethanolamine (Sigma #E-9508, pH 8.2). Beads were resuspended in 10 mL of 0.2 M ethanolamine and incubated at room temperature for 2 h, followed by two washes with 10 mL of PBS. Beads were resuspended in PBS to a final volume of 1 mL and stored at 4°C
. One milligram of total protein of pooled sucrose fractions 4, 5, and 6 was used as input material for the 1× reaction. Five milligrams of total protein were used for the 5× reaction. The pooled fractions were diluted 1:2 in fresh RIPA buffer with protease inhibitors (1 mM sodium flouride, 50 μg/mL aprotinin, 1 mM sodium orthovanadate, 1 mg/mL PMSF) and precleared with 100 μL of uncoupled protein G agarose beads per 1 mL of protein lysate for 1 h at 4°C. Precleared lysates (or an equal volume of RIPA buffer for the no lysate (NL) control) were added to either 400 μL (1× reaction) or 2 mL (5× reaction) anti-Cx32-coupled beads and incubated overnight at 4°C. Beads were washed once in RIPA buffer with 250 mM NaCl, once in RIPA buffer with 125 mM NaCl, and three times in PBS (10 mM) for two minutes with gentle inversion. Proteins were eluted at room temperature for 30 min with inversion in one bead volume of ammonium hydroxide elution buffer (0.5 M NH 4 OH, 0.5 mM EDTA). Samples were lyophilized in a SpeedVac and solubilized in 45 μL 2× SDS sample buffer (6× buffer diluted to 2× with 0.35 M Tris-HCl/ 0.28% SDS, pH 6.8 buffer [6× buffer: [0.35 M Tris-HCl/0.28% SDS, pH 6.8 buffer], and 5% glycerol, 10% SDS, 100 mM DTT, 0.002% bromophenol blue ]) with 10% β-mercaptoethanol (BME) at room temperature for 30 min. The SDS-solubilized proteins were resolved on NuPAGE Novex 4−12% Bis-Tris gels (NP0335BOX, Invitrogen) at 100 V for 20 min, followed by 150 V until the dye front reached the bottom of the gel. Gels were fixed for 30 min in a 5% acetic acid/methanol solution and rinsed twice with double distilled water (ddH 2 0) for 2 min each. To minimize background, gels were washed in ddH 2 0 overnight with shaking at 4°C, sensitized for 2 min in a 0.02% sodium thiosulfate solution, and rinsed twice for 30 s each with ddH 2 0. Fresh silver nitrate (0.1%) solution was incubated for 30 min, followed by two 30-s washes in ddH 2 0. Gels were developed with two changes of freshly prepared 0.01% formaldehyde in 2% sodium carbonate solution, rinsed with 1% acetic acid, and stored in the same solution at 4°C.
HTMS Analysis
HTMS was performed as described 16−18 with the following modifications. Briefly, all surfaces in contact with the gel were wiped with 70% ethanol and precautions were taken to minimize contamination of gel and gel pieces with keratin and dust in air. Protein bands were excised on a clean glass plate with a #11 scalpel blade (blade was wiped with 70% ethanol before use, and changed between each band). Gel bands were cut into smaller pieces approximately 3 mm 2 , transferred to 0.6 mL Eppendorf tubes, and washed by vortexing in 50 μL Solution A (50 mM ammonium bicarbonate [EMD #00113164]). The liquid was discarded following a brief centrifugation. Gel pieces were partially dehydrated in 50 μL Solution B (50% acetonitrile [ACN; J.T.Baker #9829−03], 25 mM ammonium bicarbonate) for 15 min at room temperature, centrifuged briefly, and the liquid was discarded. Samples were dried in a SpeedVac for 5 min without heating, followed by an incubation in 30 μL Solution C (50 mM ammonium bicarbonate, 10 mM DTT) for 15 min at 56°C to rehydrate the gel pieces and reduce disulfide bonds. Tubes were cooled at room temperature for 15 min, centrifuged briefly, and the liquid discarded. To inhibit reformation of disulfide bonds, thiols were quenched by adding 30 μL Solution D (100 mM iodoacetamide [SIGMA #I1149] in 50 mM ammonium bicarbonate) in a 15 min incubation in the dark. Samples were centrifuged, washed in Solution A for 15 min, partially dehydrated in Solution B for 15 min, centrifuged briefly, and dried in a SpeedVac for 5 min without heating. Trypsin enzyme solution was prepared by adding 100 μL resuspension buffer to 20 μg porcine trypsin (Promega, #V5111) and mixing the resuspended enzyme with 310 μL of Solution A (sufficient for 10 samples). The enzyme solution was added to each sample at 28 μL/tube, incubated on ice for 10 min, excess solution removed and 10 μL of Solution E (25 mM ammonium bicarbonate) added to each tube incubated at 37°C overnight. Samples were centrifuged briefly and the solution was transferred to a clean tube. Fifty microliters of Solution E was added to the gel pieces and incubated at room temperature for 20 min with occasional vortexing. Analytes were pooled with the other 10 μL of Solution E from the previous step. Peptides were extracted by incubating each sample in 50 μL of Solution F (5% formic acid [J.T. Baker #9832−03] and 50% ACN) for 20 min. The tubes were centrifuged and the peptide solution was pooled into the Solution E washes. Samples were lyophilized and stored at −20°C . LC−MS/MS was performed by dissolving the peptide samples in 5% formic acid and loading into a 200 μm × 5 cm precolumn packed in-house with 5 μm YMC ODS-A C18 beads (Waters, MA, #YMC086529) using a micro Agilent 1100 HPLC system (Agilent Technologies). Peptides were desalted online with 95% water (J.T. Baker #9831−03), 5% ACN, and 0.1% formic acid (v/v) for 10 min at 10 μL/min. The flow rate was split before the precolumn to produce approximately 200 μL/minutes flow at the column. Following elution, peptides were directed to a 75 μm × 5 cm analytical column packed with 5 μm YMC ODS-A C18 beads and eluted using a 1 h gradient (15 to 80% ACN with 0.1% formic acid) into a LTQ linear iontrap mass spectrometer (Thermo-Electron, USA). MS/MS spectra were acquired in a data-dependent acquisition mode automatically selecting and fragmenting the five most intense peaks from each spectrum generated. Peak lists were generated from the MS/MS .raw file using Mascot Distiller 2.0.0.0 (Matrix Science) to produce .mgf files under default parameters with the exception that for each MS/MS peak, lists were generated assuming a 2+ and a 3+ charge. All .mgf files were analyzed and matched to the IPI database using the Mascot 2.1.04 database search engine (Matrix Science) with trypsin as digestion enzyme, carbamidomethyl of cysteine as a fixed modification, and methionine oxidation as a variable modification. Peptide and MS/MS mass tolerances were set at ±2 Da and ±0.8 Da, respectively, with 1 miss-cleavage tolerance and the significance threshold set to 0.01 (p < 0.01). Finally, an ion score cutoff of 30 was chosen to produce a false-positive rate of less than 1% in the MS data. The most logical assignment of the peptide in the database was reported, and when peptides matched to more than one database entry, only the highest scoring protein was considered. The network of proteins associating with Cx32 was arranged according to subcellular localization and visualized in an interaction network generated using the Osprey Network Visualization System (Osprey version 1.2.0; Samuel Lunenfeld Research Institute). Molecular functions and protein networks were analyzed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.7 20 and Ingenuity Systems Pathway Analysis software (IPA version 8.8, Ingenuity Systems Inc.).
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Validation of Cx32 Interacting Partners by Coimmunoprecipitation (co-IP)
Validation of protein−protein interaction by co-IP was performed as described above with the following minor modifications: Protein G beads were coupled with monoclonal Cx32 or polyclonal antibodies (Table 1 ) directed against proteins identified by HTMS analysis. Input proteins for co-IPs were RIPA lysates of homogenized liver tissue. Livers were placed in borosilicate glass culture tubes (VWR, #47729−570) in 2 mL ice-cold RIPA buffer with fresh protease inhibitors. Tissue was homogenized using a variable speed Tissue Tearor (Biospec Products #985370−395) and passed through a 26gauge needle 8−10 times to break up nuclei. Samples were incubated on ice for 20 min, and centrifuged at 16000 rcf for 30 min. Postnuclear supernatants were adjusted to 5 mg/mL protein with fresh RIPA buffer, and 1 mg of protein was used in each co-IP. Protein G agarose bead volumes were scaled down to 50 μL (antibody:bead ratio was maintained). In Figure 2C , 50 μg of input protein and 10 uL of Protein G agarose beads were used for the PM and mitochondrial IPs. No lysate (NL) controls were performed by substituting an equal volume of RIPA buffer for protein lysate. In Supplemental Figure 2 , Supporting Information, the RIgG isotype control was performed in parallel to the WT, KO, and NL SFXN IPs, ■ RESULTS
Isolation of Cx32-Enriched Membrane Microdomains by Subcellular Fractionation
To enrich for membrane-integrated Cx32 microdomains, we used a modified lipid raft fractionation protocol to float tritoninsoluble membranes in a sucrose gradient ( Figure 1A) . Given connexin antibody cross-reactivity, 21 KO fractionations were performed in parallel to ensure specificity (Supplemental Figure  1 , Supporting Information). In WT lysates, Cx32 was detected in fractions 4, 5, and 6 ( Figure 1A,B) . No labeling was observed in any of the KO fractions using the same monoclonal Cx32 antibody (Supplemental Figure 1 , Table 1 , Supporting Information). Fractions 4, 5, and 6 were located at the interface of 5% and 30% sucrose layers and in the lightest of the 30% sucrose gradients ( Figure 1A) . Fractions 4−6 were enriched for lipid raft markers caveolin-1 (Cav-1) and flotillin-1 (Flot-1) ( Figure 1B , Table 1 ). Fractions 4 and 5 were also positive for inner mitochondrial membrane markers (cytochrome c oxidase subunit IV [CoxIV]) ( Figure 1B and Table 1 ). The endoplasmic reticulum marker (heat shock 70 kDa protein 5 (glucose-regulated protein, 78 kDa) [BiP]) was detected at low levels in fractions 5 and 6 ( Figure 1B and Table 1 ). Fractions 7−10 were devoid of Cx32 and enriched for BiP ( Figure 1B and Table 1 ).
Identification and Validation of a Cx32 Interactome in Liver
Sucrose fractions 4−6 were pooled and incubated with monoclonal anti-Cx32 chemically coupled to protein G agarose beads (Table 1) . WT Cx32 IP produced several bands that were visually absent in the KO purification in silver-stained gels, notably in the lower molecular weight range (Figure 2A , boxes, WT vs KO). A lysate-free reaction was also prepared by incubating Cx32-coupled beads in RIPA buffer only (Figure 2A , NL). Immunoblotting liver lysates or 10% of the Cx32 WT and KO IP input with polyclonal anti-Cx32 antibody (Table 1) demonstrated strong, specific enrichment of Cx32 in pooled immunopurified fractions ( Figure 2A′ , bottom panel compare WT F4−6 to WT IP F4−6 and KO, NL controls). Following excision of the unique silver-stained bands in WT and corresponding regions in KO lanes (Figure 2A, boxes) , proteins were eluted from the gel pieces, digested with trypsin, and analyzed by LC−MS/MS. Table 2 presents Mascot scores, number of peptides, and the percent coverage for each protein identified from 5 mg of input protein (pooled liver fractions 4− 6). Only proteins (a) with Mascot scores of 100 or higher in one or both paired analyses (b) for which at least two peptides were identified that were (c) absent from KO IP-HTMS analyses or (d) for which the same peptide was identified in IPs of both 1 mg and 5 mg WT protein fractions absent from KO met criteria to be included in the reported network ( Table 2 ). The complete list of proteins detected is provided as Supplemental Table 1 , Supporting Information. Eighteen interactors were identified ( Figure 2B ), including the known Cx32 binding partner, Cx26. 22 In total, 72% of the proteins identified by endogenous Cx32 IP-HTMS were intrinsic membrane proteins; 50% were mitochondrial resident proteins ( Figure 2B ). We validated by co-IP one plasma membrane (Cx26) and two inner mitochondrial membrane proteins, one novel (SFXN-1) and one predicted to be an artifact of detergent-insoluble sucrose fractionation (ATP5A1) 23 (Figure 2C−E) . Tissue lysates were used instead of fractionated membranes to identify robust interactions. Both Cx26 and SFXN-1 reciprocally coimmunoprecipitated with Cx32 ( Figure 2C,D) . KO controls validated specificity of the interaction, which was further confirmed by immunoprecipitating WT protein using an isotype control rabbit IgG antibody (Chemicon (Millipore), #PP64). Only the SFXN-1 antibody specifically immunoprecipitated Cx32 (Supplemental Figure 2 , Supporting Information). As expected, 23 we did not confirm a protein−protein interaction between Cx32 and ATP5A1 ( Figure 2E ) despite detection of Cx32 in the crude liver homogenates (pre-IP), effective immunoprecipitation (IP), and clearing of target protein from lysate post-IP (post-IP). ATP5A1 was detectable in both pre and post Cx32 IP as well as in the KO control ( Figure 2E ).
In addition to confirming antibody specificity and screening for nonspecific interactions, we also used Cx32 null mutant liver lysates to assess the effect of complex formation on the stability of validated Cx32 binding partners. Loss of Cx32 effectively reduced total Cx26 but not SFXN-1 protein levels in liver. Where immunoblotting for Cx26 produced a band at approximately 24 kDa in WT liver lysates, Cx26 was barely detected in Cx32 KO lysates ( Figure 2C , top panel, lysate, Supplemental Figure 3 , Supporting Information). Loss of Cx32 had no effect on overall levels of SFXN-1, detected as a single band at approximately 35 kDa ( Figure 2D , top panel, lysate).
Cx32 Interacts with SFXN-1 at Both the Plasma Membrane and the Inner Mitochondrial Membrane
To explore the Cx32-SFXN-1 interaction, we sought to localize the Cx32-SFXN-1 complex with increasingly rigorous subcellular membrane fractionation techniques. Our initial IP-HTMS screen was performed by targeting Cx32 primarily integrated into plasma membrane lipid rafts. In this separation, however, lipid rafts partially cofractionate with mitochondrial membranes ( Figure 1A) . To separate plasma from mitochondrial membranes, we performed detergent-free fractionation of liver tissue using a discontinuous OP gradient ( Figure 3A) . In both WT and KO samples, plasma membrane markers (Na + K + -ATPase) were enriched at the 2−10% interface; the VDAC1/ porin marker for outer mitochondrial membranes was detected a Peptides detected in WT and not KO in two independent screens of 1 mg input and 5 mg input. Mascot scores and peptide coverage are reported only for both the 1 mg and 5 mg input screen separated by /. All other proteins were identified using 5 mg input only. at the 17.5−25% interface ( Figure 3B , WT M, KO M). In two separate gradients, mitochondrial membrane contamination was never detected in plasma membrane fractions; low levels of Na + K + -ATPase, however, were consistently detected in mitochondrial fractions ( Figure 3B , compare Na + K + -ATPase with porin-positive fractions). SFXN-1 was enriched in mitochondrial (M) but was also detected at lower levels in plasma membrane fractions (PM) ( Figure 3B ). This finding was further supported by the distribution of SFXN-1 across fractions 4−6 of our original detergent-resistant membrane sucrose gradient representing both plasma membrane and mitochondrial membranes (Supplemental Figure 4 , Supporting Information). Next, pooled plasma membrane (PM)-specific or mitochondrial (M)-specific fractions isolated from the OP gradient ( Figure 3A) were immunoblotted for Cx32 ( Figure 3C, left  panel) . As expected, Cx32 was enriched in plasma membrane fractions of WT samples ( Figure 3C , left panel, WT PM). Low levels of Cx32, however, were also present in mitochondrial fractions ( Figure 3C, left panel, WT M) . Finally, we immunoprecipitated SFXN-1 from both plasma membrane and mitochondrial membrane fractions, and immunoblotted for Cx32 ( Figure 3C, right panel) . The interaction between these two proteins was strongest at the plasma membrane, but was also detectable in mitochondrial membranes ( Figure 3C , right panel). KO controls confirmed specificity of Cx32 detection in both compartments ( Figure 3C, left and right panels) .
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To rule out the possibility that this mitochondrial pool of Cx32 was not carry over from contaminating plasma membrane present in mitochondrial fractions, we purified crude mitochondrial preparations under detergent-free conditions, isolated contaminating plasma membranes from mitochondria by sucrose gradient flotation ( Figure 3E Figure 5) . Consistent with the OP gradients ( Figure 3A-C) , Cx32 was enriched at plasma membrane but was also clearly detectable in the mitochondria-only fractions (Supplemental Figure 5) . A biologically relevant interaction between Cx32 and SFXN-1 would require that both interacting partners be present in the same mitochondrial membrane compartments. Outer mitochondrial membranes (OM) were further isolated from pooled fractions 17−23 using a 0.6% digitonin solubilization protocol. Inner mitochondrial membranes (IM) in remaining mitoplasts were osmotically disrupted in a 150 mM KCl solution and collected by centrifugation. The OM sample was enriched in VDAC1/porin and devoid of CoxIV ( Figure 3F ). The IM sample was enriched in CoxIV and devoid of VDAC1/porin ( Figure 3F ). Mitochondrial Cx32 localized exclusively to the IM. SFXN-1 was found equally distributed across both OM and IM compartments ( Figure 3F ).
While these data clearly show that Cx32 and SFXN-1 are detected at both PM and IM, biochemical fractionation cannot rule out an exchange of interacting proteins from different compartments postlysis. To address this, we localized in situ Cx32-SFXN-1 interactions by confocal microscopy in human Cx32-transfected HEK cells ( Figure 3D ). Cx32 (green) puncta overlap with the SFXN-1 (red) signal at both junctional membranes (arrows), and nonjunctional membranes (arrows).
Colocalization was observed at the cytoplasmic face of the plasma membranes. This staining pattern is consistent with the hypothesis that Cx32 in gap junctional plaques at plasma membrane can interact with SFXN-1 at the plasma membrane and/or between apposed plasma and outer mitochondrial membranes, but not with the hypothesis that the interactions can occur at the inner mitochondrial membrane ( Figure 3D) .
To explore consequences of this PM-OM interaction, we asked whether SFXN-1 localization was influenced by its interaction with Cx32. We compared SFXN-1 levels in both mitochondrial and plasma membrane compartments of WT and KO liver. We found that localization of SFXN-1 at the plasma membrane, but not at inner and outer mitochondrial membranes, was reduced by 54 ± 17% in KO liver as determined by densitometry of replicate independent fractionations compared to WT (100%) ( Figure 3B ). This change represented a shift in subcellular localization ( Figure 3B ) without altering total SFXN-1 levels ( Figure 2D) suggesting that plasma membrane Cx32 likely interacts with SFXN-1 resident in outer mitochondrial membrane and that detection of SFXN-1 at plasma membrane may represent a subpool of . A documented biological relationship between two nodes is represented as a gray or orange edge (line). Gray edges represent interactions within a single network; orange edges cross-link nodes from multiple interacting networks. Proteins identified in our screen are represented as gray nodes with black edges (lines). White nodes represent gene products that participate in these networks, but were not identified in this study. Interactors that are not implicated in these primary networks are not included. The direct Cx26−Cx32 interaction validated in our screen is a known interaction and thus appears as a gray edge. All gray and orange edges are supported by references maintained by the Ingenuity Pathways Knowledge Base. Solid gray edges represent direct interactions; indirect interactions are represented by dashed lines. Circular lines describe a feed-back loop wherein a node has been shown to self-regulate. (B) Serum analysis of blood collected from WT and KO animals reveals that KO animals exhibit mild hyperferritinemia, without concurrent changes in serum transferrin (C) iron (D), total iron binding capacity (E), or % transferrin saturation (F). SFXN-1 removed from apposing mitochondrial membranes during co-IP without affecting total cellular levels.
Network Analysis of Dual Plasma Membrane/Mitochondrial Cx32 Interactomes
Taken together, the interaction of Cx32-SFXN-1 at the plasma membrane, and reciprocal localization at the inner mitochondrial membrane suggested the presence of overlapping organelle-specific Cx32 protein networks in liver. To explore the nature of these networks, we performed functional annotation clustering using DAVID 20 and protein interaction network analysis using Ingenuity Systems Pathway Analysis software (Figure 4 ). Cx32 interactors clustered into two main functional classifications: (1) drug metabolism, lipid metabolism, molecular transport and (2) endocrine system development and function, molecular transport, cellular development. Pathway analysis identified three overlapping pathways implicated in (1) liver metabolic response to adipose-derived leptin, (2) liver response to insulin/insulin receptor signaling, and (3) interferon gamma responsiveness/iron metabolism impaired in hepatic carcinoma ( Figure 4A ). Dysfunction in leptin and insulin pathways, potentially mediated through disruptions in Cx32 interactions with SLC27A5, SLC25A10, ASS1, ABCD3, SLC25A5, and GP6 ( Figure 4A) is consistent with previous reports that C57BL/6x129/SV Cx32 null mutant mice exhibit a small reduction (∼17%) in body weight 19 also observed in our colony backbred to a pure C57BL/6 lineage (data not shown). Proposed regulation of interferon gamma responsiveness/iron metabolism by a Cx32 interactome with SFXN-1, PMSE1, PMSE2, and PEBP-1 ( Figure 4A) is, however, novel. To test directly whether Cx32 KO mice show any dysfunction in these pathways, we measured circulating ferritin ( Figure 4B ), transferrin ( Figure 4C ), iron ( Figure 4D ), total iron binding capacity ( Figure 4E ), and percent transferrin saturation ( Figure 4F ). Cx32-null mutant mice exhibited a mild, significant hyperferritinemia ( Figure 4B Figure 4F ). Taken together, this phenotype is consistent with hyperferritinemia observed following liver injury and as a result of systemic inflammatory conditions. 24
■ DISCUSSION
Here, we report a novel endogenous Cx32-interacting network in mouse liver identified by immunoaffinity purification of Cx32-enriched subcellular membrane microdomains. Using unbiased IP-HTMS, we mapped 18 interacting partners. Fifty percent were resident mitochondrial proteins, 22% were . Cx32 is also present on inner mitochondrial membranes. SFXN-1 (red) is present on both outer and inner mitochondrial membranes, and possibly at plasma membrane. Sites of Cx32-SFXN-1 interaction include (1) plasma membrane gap junctional plaques either as (i) transient interactions, (ii) novel plasma membrane resident proteins, (iii) part of the docking mechanism tethering subplasmalemmal mitochondria to the plasma membrane, or (iv) to promote the transport of small molecules into mitochondria, and (2) the inner mitochondrial membrane (unknown role). cytoplasmic proteins, 17% localize to the endoplasmic reticulum, and 11% were predicted to be resident in plasma membrane. By reciprocal co-IP, subcellular fractionation, and confocal microscopy, we found that Cx32 forms protein− protein complexes at the plasma membrane (i.e., with Cx26) and either sequesters SFXN-1 at the plasma membrane or forms protein−protein complexes between Cx32 and SFXN-1 resident in apposing plasma membranes and outer mitochondrial membranes. Bioinformatic analysis places these interactions into three overlapping networks: (1) liver metabolic response to adipose-derived leptin, (2) liver response to insulin/insulin receptor signaling, and (3) interferon gamma responsiveness/iron metabolism. The observation that Cx32, integrated into plasma membrane, can interact with resident outer mitochondrial membrane proteins further suggests a novel role for connexins in possibly transiently tethering mitochondria to connexin-enriched plasma membrane domains ( Figure 5 ). Together, these data highlight a novel plasma membrane/mitochondrial signaling nexus mediated by the Cx32 interactome.
This study represents the first endogenous connexin network mapped by unbiased MS approaches. The majority of reported connexin interactors have been identified using ectopically expressed tagged proteins, or exogenous peptides as "bait". 7, 8, 25 Endogenous partners have been inferred primarily from careful immunofluorescence colocalization studies. 7, 8, 25 These data have provided essential insight into channel-independent connexin function, notably for Cx43, 7, 8, 25 however, tissuespecific network analyses are lacking. To our knowledge, only two MS-based proteomic screens have been performed, both using a C-terminal fragment of Cx43 as bait. 26, 27 The primary obstacle has been the challenge associated with affinity purifying endogenous membrane channel complexes in sufficient amounts for MS detection. To address this, we enriched for Cx32-positive membrane microdomains by subcellular fractionation prior to IP-HTMS. Cx32 null mutant controls were used to identify and eliminate background interactors. Success of this strategy was validated by the fact that our top 'hit' was the known Cx32 binding partner, Cx26. 22 Cx26 and Cx32 have been shown to colocalize in heterotypic (and presumably heteromeric) channels in liver hepatocytes. 22 Moreover, we also find that Cx26 protein levels are reduced in liver of Cx32 KO mice, consistent with earlier reports. 22 This reduction is likely due to a loss of Cx26 protein stability in absence of Cx32/Cx26 complexes, as steady-state Cx26 mRNA levels in WT and KO liver are comparable. 19 Certainly, further improvements can be made to increase identification of connexin-interacting proteins by IP-HTMS. We have recently developed a gel-free centrifugal proteomic reactor to analyze membrane proteins 28 and have begun to adapt this technology to analyze fractionated membrane microdomains enriched in Cx32. Our centrifugal proteomic reactor is a simplified, user-friendly, adaptation of gel-free digestion. We exploit the fact that most proteins are positively charged at pH <3 and thus a protein/trypsin mixture will bind tightly to a small volume of strong cation exchange (SCX) beads while nonionic detergents and contaminants are readily washed away. 28 We then use DTT and iodoacetamide for protein reduction and alkylation, activate the trypsin by increasing pH to 8, and elute the resulting peptides in alkaline buffer for LC−MS/MS analysis. 28 Using this gel-free methodology, we have been able to detect 945 plasma membrane proteins and 955 microsomal membrane proteins in hepatic cells. 28 More than 800 out of these 945 and 955 proteins were not identified by the conventional in-gel digestion approach. 28 We anticipate that these improvements will further expand upon this study's identification of a mitochondrial proteinconnexin interactome. Application will require further optimization as we have found that the phospholipid-Cx32 interactions 29 in our fractionated microdomains complicate the required pH-dependent binding to cationic beads. Despite clear presence of Cx32 in IP samples, detection of bait connexins by HTMS has not been consistent using the centrifugal reactor. 28 We are currently exploring the efficacy of mild cross-linking followed by delipidation to circumvent this problem and increase the number of connexin binding proteins we can identify.
Despite the fact that we may be able to identify more interacting partners in future, we report here that the majority of novel Cx32 interactors detected were resident mitochondrial proteins. In previous targeted approaches, plasma membrane and cytoplasmic proteins predominate in connexin complexes. In rat hepatocytes, Cx32 has been shown to colocalize with the tight junction proteins occludin and claudin-1, and the scaffolding protein zona occludens-1. 30, 31 In the brain, oligodendrocytic Cx32 colocalizes with ZO-1 and the ZO-1associated nucleic acid-binding protein. 31 In lipid rafts, Cx32 interacts with caveolin-1, the ubiquitously expressed calcium binding protein, calmodulin, and the membrane-associated guanylate kinase family member, Discs large homolog-1 (Dlgh-1). 32−34 Cx32 presumably sequesters Dlgh-1 at the plasma membrane as acute removal enables its translocation to the nucleus. 34 Here, we show that the Cx32-SFXN-1 interaction may have a similar effect with Cx32 sequestering a subpool of the resident mitochondrial protein SFXN-1 to the plasma membrane. Comparison of our quantitative biochemical analyses and confocal localization studies, however, suggests that the primary function of the Cx32-SFXN-1 interaction is likely not to regulate localization of binding partners. First, in situ interaction with SFXN-1 at the plasma membrane as assessed by confocal microscopy is not ubiquitous in Cx32overexpressing HEKs. Second, unlike the effect of Cx32 nullmutation on Cx26 stability, overall SFXN-1 protein levels are not significantly altered, nor is mitochondrial subcellular localization determined by biochemical assessment in Cx32 KO liver lysates. Rather, by confocal assessment in HEKs ectopically expressing human Cx32, small, regionally distinct pools of SFXN-1, apparently at the outer mitochondrial membrane, colocalize with plasma membrane-resident Cx32. In null mutant liver lysates, SFXN-1 levels at plasma membrane are quantitatively reduced compared to WT, as determined by direct biochemical assay and mass spectrometry. Taken together, these observations provide tantalizing support for the emerging hypothesis that connexins may transiently tether mitochondria to the plasma membrane when binding partners come into apposition, 35 further supported by evidence that analagous complex associations with Cx43 are transient, yet strong enough to be coimmunoprecipitated. 36 Despite this evidence, we were mindful that mitochondrial contaminants routinely copurify with detergent-resistant lipid raft preparations and are often misinterpreted as bona f ide interactors. 23 Spurious interactions with F(1)/F(0) ATPase subunits and voltage-dependent anion selective channels are common. 23 Here, we used co-IP and bioinformatic analyses to rule out Cx32 interactions with the ATPase subunit ATP5A1 and the unidentified protein similar to ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit identified in our IP-HTMS screen. We show definitively that ATP5A1 does not co-IP with Cx32. Moreover, F(1)/F(0) ATPase subunits are not predicted to participate in the three main pathways identified by Ingenuity Pathway analysis. Our validation, however, of SFXN-1-Cx32 complexes at both plasma and mitochondrial membranes is consistent with a previous report that Cx32 is present in isolated liver mitochondria. 11 Indeed, Cx43 is certainly capable of translocating to the inner mitochondrial membrane of cardiomyocytes, 11 where Cx43 channels protect cells from excitotoxic insult. 37−40 It is, however, important to note that in this study, while we have biochemical evidence indicating that Cx32 and SFXN-1 are both present in inner mitochondrial membranes, we do not have evidence to suggest that an interaction occurs at this location. In situ imaging indicates that the primary interaction between these two proteins occurs between plasma membranelocalized Cx32 and outer mitochondrial membrane SFXN-1. Thus, while our data is the first demonstration that Cx32 is present at inner mitochondrial membranes, we must conclude that the low level Cx32-SFXN-1 interaction detected by IP in isolated mitochondrial membranes is likely due to contamination of these fractions with trace amounts of plasma membranes as shown in our data. Given that intracellular interactions between Cx32 and SFXN-1 were rarely detected in our HEK cell transfectants, we favor the hypothesis that the interaction seen in tissue lysates is due to transient interactions of outer mitochondrial membrane SFXN-1 with Cx32containing gap junction plaques. 41 SFXNs are an evolutionarily conserved family of mitochondrial tricarboxylate carrier proteins. 42−44 SFXN-1 is a fivemembrane spanning integral membrane protein predicted to be either a channel or carrier protein. Mutations in SFXN-1 are the genetic determinant of transient embryonic and neonatal anemia presented in the f lexed-tail (f/f) mouse model, 45 wherein defects in iron metabolism lead to a transient iron overload and intramitochondrial iron deposits in erythrocytes. 45 Interestingly, presentation of iron defects coincides with the onset of hepatic erythropoiesis, and persists through postnatal day 7 subsiding between the second and third week postnatal. 45 This time course corresponds closely with the developmental increase in hepatic Cx32 levels that do not reach adult levels until postnatal day 21. 46 Iron overload has been shown to reduce the presentation of Cx32 at plasma membrane in favor of intracellular distribution. 47 Thus, iron deficits in SFXN-1deficient mice may promote the mitochondrial localization of Cx32, although this hypothesis remains to be tested. Here, we asked the reverse question: What effect does Cx32 null mutation have on ferritin status and iron metabolism? Based on the predicted involvement of Cx32 protein−protein interactions with the interferon gamma response in hepatocytes, we highlight a novel regulation of isolated hyperferritinemia observed in the absence of iron overload, that is characteristic of dysregulated chronic inflammatory responses. 24 Ferritin elevations are seen in a number of liver disorders including alcoholic and nonalchoholic steatohepatitis, viral hepatitis, and acute liver injury. 48 Moreover, elevated ferritin levels are associated with insulin resistance and purported to be the hepatic manifestation of metabolic syndrome. 48 Our data implicate the connexin-interacting nexus identified here in leptin, insulin, and interferon gamma signaling pathways. Interestingly, these pathways also link the Cx32 interactome identified in this study to the regulation of liver tumori-genesis. 13, 14, 49, 50 For example, the interactions between Cx32 and the mitochondrial solute carrier proteins SLC25A10 and SLC25A5 as well as one of rate-limiting synthases in the arginine biosynthesis pathway (Ass1) are predicted to underlie the metabolic response to leptin in hepatocytes, notably in the exchange of citrate for malate between cytosol and mitochondria required for fatty acid synthesis, lipogenesis, and the regulation of protein catabolism, ammonia levels, and nitric oxide generation. 51, 52 Cx32 interaction may act to stabilize membrane presentation, as shown here and by others for Cx26, 19 given that both Cx32 and SLC25A5 are downregulated in human heptatocellular carcinomas. 14, 53 Certainly, mutations in ASS1 that impair protein stability are known causes of citrullinemia type I leading to liver failure, as well ethanolinduced liver injury. 52, 54 This pathway analysis is consistent with previous reports that Cx32 null mutant mice are mildly underweight compared to controls. 19 Further, given that SFXN-1 likely facilitates transport of components, notably pyridoxine, required for iron utilization into and out of the mitochondria, 45 its function may depend upon a network of channel transporters moving required components through plasma membrane to mitochondria. The interaction of Cx32 at the plasma membrane and SFXN at the outer mitochondrial membrane could serve to tether a pool of subplasmalemmal mitochondria to the plasma membrane, and potentially facilitate transport of pyridoxine into the mitochondria. In support of this hypothesis, another Cx32 interactor identified in this study, ANT-2, has been shown to function as both a mitochondrial and plasma membrane translocase. 55−58 Moreover, the known Cx32 interactor caveolin-1 also binds to the ABCD transporters, 59 and our identification of a potential Cx32-ABCD3 interaction, possibly including caveolin-1 in complex, provides further support for the idea that Cx32 participates in the tethering of mitochondria to lipid raft domains. As Cx32 localizes to the basolateral membrane domains of hepatocytes wherein the majority of transporters are located, 60 these interactions would presumably enable transient mitochondrial docking at site of metabolic import ( Figure 5 ). Similar functional interactions have been described in developing muscle cells between the L-type calcium channel α2/δ1 subunit and the ATP5B subunit of the mitochondrial ATP synthase complex. 61 In summary, this work describes the identification of a network of liver-specific Cx32 interacting proteins enriched in mitochondrial targets. These interactions were validated by co-IP and detergent-free subcellular fractionation, and provide evidence for a novel signaling nexus made possible by Cx32 interactions with resident proteins at plasma and mitochondrial membranes that are implicated in liver function and hepatocyte growth, differentiation, and tumor progression.
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